To assist in the analysis of plant gene functions we have generated a new Arabidopsis insertion mutant collection of 90 000 lines that carry the T-DNA of Agrobacterium gene fusion vector pPCV6NFHyg. Segregation analysis indicates that the average frequency of insertion sites is 1.29 per line, predicting about 116 100 independent tagged loci in the collection. The average T-DNA copy number estimated by Southern DNA hybridization is 2.4, as over 50% of the insertion loci contain tandem T-DNA copies. The collection is pooled in two arrays providing 40 PCR templates, each containing DNA from either 4000 or 5000 individual plants. A rapid and sensitive PCR technique using high-quality template DNA accelerates the identification of T-DNA tagged genes without DNA hybridization. The PCR screening is performed by agarose gel electrophoresis followed by isolation and direct sequencing of DNA fragments of amplified T-DNA insert junctions. To estimate the mutation recovery rate, 39 700 lines have been screened for T-DNA tags in 154 genes yielding 87 confirmed mutations in 73 target genes. Screening the whole collection with both T-DNA border primers requires 170 PCR reactions that are expected to detect a mutation in a gene with at least twofold redundancy and an estimated probability of 77%. Using this technique, an M 2 family segregating a characterized gene mutation can be identified within 4 weeks.
Introduction
Identification of insertion and point mutations in all Arabidopsis genes is a major goal of the Multinational Coordinated Arabidopsis 2010 project on functional genomics. Currently, the genome project uses three different mutational approaches that are based on the identification of chemically induced mutations with the TILLING technology (Colbert et al., 2001; McCallum et al., 2000a; McCallum et al., 2000b) and the isolation of insertion mutations by either transposons or the T-DNA of Agrobacterium. Transposontagged mutant populations carry insertions of the autonomous maize transposon En (ZIGIA En/Spm lines: Baumann et al., 1998; Wisman et al., 1998a; Wisman et al., 1998b) , and stabilized inserts of the Suppressor-mutator (SLAT-lines, Tissier et al., 1999) ; En-I (ITS-lines, Aarts et al., 1995; Speulman et al., 1999; Speulman et al., 2000) ; and Ac/Ds (Bancroft and Dean, 1993; Bancroft et al., 1992; Fedoroff and Smith, 1993; Long et al., 1993; Long et al., 1997) two-element transposon tagging systems. Mutations are also induced by the tobacco retrotransposon Tto1 (Okamoto and Hirochika, 2000) and several other transposon constructs exploiting the enhancer-trap and Cre/Lox recombination technologies (Martienssen, 1998; Osborne et al., 1995; Smith et al., 1996; Sundaresan et al., 1995) . In addition to the first widely distributed T-DNA insertion mutant collections (Azpiroz-Leehan and Feldmann, 1997; Feldmann, 1991; Koncz et al., 1992) , new mutant populations are also available (with gene and promoter trap inserts) that drive specific expression of b-glucuronidase (GUS) and green fluorescent reporter proteins (GFP) (Devic et al., 1995; Goddijn et al., 1993; Kiegle et al., 2000; Topping et al., 1991) ; and with activator T-DNA tags that facilitate screening for dominant mutations (Weigel et al., 2000) . Saturation T-DNA mutagenesis is now performed using in planta transformation (Bechtold et al., 1993; Clough and Bent, 1998) and exploited to identify gene mutations by direct sequencing of transposon and T-DNA insert junctions (Balzergue et al., 2001; Liu et al., 1995; Mathur et al., 1998; Okamoto and Hirochika, 2000; Parinov et al., 1999; Samson et al., 2002; Speulman et al., 1999; Tissier et al., 1999; Yephremov and Saedler, 2000 ; http://flagdb-genoplanteinfo.infobiogen.fr/projects/fst;http://genetrap.cshl.org;http:// signal. salk.edu/cgi-bin/tdnaexpress; http://www.jic. bbsrc. ac.uk/sainsbury-lab/jonathan-jones/SINS-database/sins. htm; http://www. nadii.com/pages/collaborations/garlic_-files/GarlicAnalysis. html). The availability of the complete Arabidopsis genome sequence (Arabidopsis Genome Initiative, 2000) also supports the wide ranging application of PCR-based reverse genetic approaches. Several T-DNA and transposon insertion mutant collections have been used to prepare arrays of pooled PCR DNA templates to screen for mutations in known genes and gene families (Bouché and Bouchez, 2001; Galbiati et al., 2000; Krysan et al., 1996; Krysan et al., 1999; Mahalingam and Fedoroff, 2001; McKinney et al., 1995; Meissner et al., 1999; Parinov and Sundaresan, 2001; Thorneycroft et al., 2001; Winkler et al., 1998; Young et al., 2001) . However, the need to identify the insertions by Southern hybridization still limits the efficiency of PCR-based mutant screening techniques.
To contribute to the identification of gene knockouts, we describe here an improved PCR technique that allows simple detection of amplified T-DNA insert junctions by agarose gel electrophoresis, and subsequent isolation and sequencing of the PCR products. To exploit this method we have generated a new collection of 90 000 T-DNA tagged Arabidopsis lines by in planta transformation with the Agrobacterium gene fusion vector pPCV6NFHyg (Koncz et al., 1989) . Estimation of the average number of insertion loci and T-DNA copies indicates that the collection contains at least 116 100 independent insertion loci, over 50% of which carry concatenated T-DNA copies. To estimate the mutation frequency, 39 700 lines have been screened for T-DNA tags in 154 genes, which resulted in 87 confirmed knockouts in 73 genes. Based on this result, the technique is adjusted such that the entire population of 90 000 lines can be screened with 170 PCR reactions, leading to the identification of a sequenced T-DNA tag in a segregating M 2 mutant family within 4 weeks.
Results and discussion

Generation of Arabidopsis insertion mutant collection
To perform saturation T-DNA mutagenesis, Arabidopsis (Col-0) plants were transformed with Agrobacterium carrying the gene fusion vector pPCV6NFHyg (Koncz et al., 1989) , using a modified vacuum infiltration protocol (Bechtold et al., 1993; see Experimental procedures) . The M 1 seed progeny were pooled, and aliquots germinated to determine the frequency of hygromycin-resistant, transformed seedlings. The results indicated that the M 1 pool contained about half a million transformed seeds. Subsequently, 90 000 hygromycin-resistant M 1 plants were planted in soil to collect an identical amount of leaf tissue in pools from each 100 plants. DNA was purified from the 900 pools and arranged in nine two-dimensional arrays (Figure 1) .
The average number of independent insertion loci was estimated by determination of the segregation ratio of hygromycin-resistant to sensitive plants in 100 randomly selected M 2 families (Table 1 ). The majority of M 2 families (64%) segregated the T-DNA-encoded hygromycin-resistance marker at a ratio of 3 : 1, whereas 15 : 1 and 63 : 1 segregation ratios were observed in 16 and 2% of examined families, respectively. Lines showing 2 : 1 segregation and a significant deviation from the 15 : 1 ratio (indicating two linked inserts) were also observed. About 6% of M 2 families segregated in an exceptional manner, suggesting the potential occurrence of chromosomal rearrangements that may accompany the T-DNA integration process (Tax and Vernon, 2001) . Excluding these lines, the average number of insertion loci was estimated as 1.29 per plant, similar to the values observed for other Arabidopsis T-DNA insertion mutant collections (1.47 and 1.53; Forsthoefel et al., 1992) . This suggested that the collection of 90 000 lines carried about 116 100 T-DNA insertion loci. To estimate the average number of T-DNA copies in the insertion loci, Southern DNA hybridization analysis was performed with randomly chosen plants. Figure 2 (a) shows a representative hybridization of DNAs from 24 plants with the BamHI-XbaI rightborder fragment of pPCV6NFHyg that carries a promoterless aph(3 0 )II gene used for identification of plant gene fusions with the kanamycin-resistance marker (Koncz et al., 1989) . The hybridization results indicated that the average T-DNA insert number was about 2.4 per plant and that >50% of the insertion loci carried tandem T-DNA repeats, which occur with a similar frequency also in other T-DNA insertion mutant populations (Castle et al., 1993; Feldmann and Marks, 1987) .
Optimization of long-range PCR for sensitive detection of T-DNA insertions
To identify T-DNA tags in known genes, the PCR-based reverse-genetic screens utilize T-DNA end primers that are directed towards the left and right border repeats, in combination with 5 0 and 3 0 gene-specific primers oriented towards the coding regions of genes (Bouchez and Hö fte, 1998 ; Figure 1 ). Two out of four possible combinations of gene-specific and T-DNA end primers are thus expected to yield PCR products if an insertion was located in the target gene. To screen for T-DNA-induced mutations in our collection, two primers were designed for the left (FISH1) and right (FISH2) T-DNA ends, based on known sequence of the pPCV6NFHyg T-DNA (http://seeds.nottingham.ac. uk/Nasc/ information/6nfhyg_map.lasso). The PCR reactions were optimized with three different mutant lines that carried characterized T-DNA tags in the PRL1 (Né meth et al., 1998); PAD1 (Farrá s et al., 2001; Tatjana Kleinow, unpublished results); and At1g75960 genes (Gergely Molná r, unpublished results), using different thermotolerant DNA polymerases. The highest sensitivity of detection was obtained with the Takara LA Taq enzyme when the reactions contained 0.3-5 ng ml À1 template DNA in which the prl1 DNA was diluted 1000-fold with DNA from wild-type Col-0 plants (data not shown). Testing different annealing temperatures indicated that the background was reduced to minimal when annealing was performed at 688C, identical to the recommended extension temperature for the LA Taq enzyme. Titration of the optimal number of PCR cycles showed that the sensitivity of detection was enhanced on the cost of specificity by increasing the number of PCR cycles. The highest amplification yield of specific fragments, which could be easily distinguished from non-specific fragments of lower intensity on agarose gels, was obtained using 35 cycles. The optimal concentration of T-DNA and gene-specific primers was tested in a range from 0.25 to 2.5 mM, as shown for detection of the At1g75960 insertion mutation in Figure 2 (b). The amplification of nonspecific fragments was reduced to a minimum using 0.5 mM gene-specific primer in combination with 0.25 mM FISH1 (or FISH2) T-DNA end primer in the PCR reactions.
To ascertain the sensitivity limitation of the PCR assay, a series of template dilutions ranging from 1 : 1000 to 1 : 7000 was prepared by mixing DNA from the pad1 insertion mutant line with wild-type Col-0 DNA. Figure 2 (c) illustrates that specific amplification of a T-DNA tagged PAD1 gene fragment was observed even at 1 : 7000 dilution using 1-4 ng ml À1 template DNA. This indicated that the limiting concentration of mutant template DNA was below 0.14 pg ml
À1
, but the highest yield was achieved when the PCR was performed with 4 ng ml À1 template, which carried the mutant DNA diluted with wild-type DNA to 1 : 4000 or 1 : 5000. The PCR reactions for long-range amplification with LA-Taq were standardized for 35 cycles, each including 30 sec at 958C followed by 8.5 min at 688C. These adjustments allowed a highly reproducible recovery of T-DNA insert junctions from a very low amount of template DNA and subsequent detection of PCR products on agarose gels Upper section: DNA samples of P100 pools, each representing 100 individual plants, were arranged in 10 Â 10 arrays (labelled with roman numbers). Samples from the corresponding rows and columns of five arrays were pooled to generate number-and letter-coded P5000 super-pools. P4000 super-pools were obtained similarly.
Lower section: to screen for insertions in genes, the left (FISH1) or right (FISH2) T-DNA end primers were combined with either 5 0 or 3 0 gene-specific primers to screen each P4000 and P5000 super-pools with four PCR reactions. The first round of screening required 160 PCR reactions. by ethidium bromide staining. Table 2 summarizes the advantages of this protocol in comparison to other PCRbased mutant screening techniques.
Primer design
To design gene-specific PCR primers, the following criteria were used. (i) Optimally, the primers extended in length from 25 to 30 nucleotides and included 13 G or C.
(ii) The 5 0 gene-specific primer was placed 1 nt to a maximum of 300 nt upstream of the ATG codon, whereas the 3 0 primer was matched with the position of the stop codon.
(iii) Primers that could form self-annealing dimers, hairpins or heterodimers with the T-DNA end primers were identified (e.g. with the DNASTAR PRIMER SELECT program) and discarded. To compensate for potential incompatibility between the T-DNA end primers FISH1 or FISH2 and some gene-specific primers, several (c) Testing the detection limit of a T-DNA insertion in a known gene. DNA from the pad1 insertion mutant line was diluted with wild-type DNA to 1000-, 2000-, 4000-and 7000-fold, and PCR reactions were performed using either 10, 20 or 40 ng DNA template in 10 ml reaction volume with the gene-specific primer FASP2 and T-DNA end primer FISH1. Note that a significant enrichment of gene-specific amplified fragment is still observed with 40 ng template at 1 : 4000 dilution of the mutant DNA, whereas this fragment, although detected, is not enriched at 1 : 7000-fold dilution. alternative primers were designed for the left and right T-DNA borders (see Experimental procedures). (iv) Each gene specific primer was tested in a BLASTN search with the Arabidopsis DNA database to eliminate those that showed an identity of 10 or more nucleotides at their 3 0 end with a heterologous genomic sequence.
Preparation of template DNA array and standardization of rapid screening procedure
The P100 DNA pools, each representing 100 mutant lines, were arranged in nine arrays of 10 Â 10 format. P100 samples from each row (A-J) and column (1-10) of four and five arrays, respectively, were pooled to create two series of super-pools, P4000 and P5000, which contained DNA from 4000 or 5000 plants in a single PCR template. Thus each P100 sample was included twice in the letter-and numbercoded super-pools, and the intersections between rows and columns corresponded to either four or five samples of P100 pools (Figure 1 ). Each PCR reaction contained 40 ng DNA, providing about 40 copies of any T-DNA tagged locus. The entire collection of 90 000 plants was screened with 2 Â 20 Â 4 PCR reactions, if all four combinations of T-DNA and gene-specific primers (gene 5 0 with FISH1 and FISH2; gene 3 0 with FISH1 and FISH2 primers, Figure 1) were used with the P4000 and P5000 templates by resolving the amplified DNA fragments on two agarose gels.
If a single-copy T-DNA tag was ideally present in the target gene, an amplification of two DNA fragments was observed with the left and right T-DNA end primers in two out of four PCR reactions with a super-pool. Some insertions containing tandem T-DNA copies resulted in the amplification of two DNA fragments with either the left or right T-DNA border primer. Rarely, two specific fragments were detected, but their additive size did not confirm the expected size of the target gene, as one of the fragments carried aberrantly transferred sequences from the vector backbone of pPCV6NFHyg. Finally, one amplified fragment was detected in those cases when only one T-DNA end was located in the target gene. As each super-pool was assayed twice, the amplified fragments detected in a letter-coded pool appeared repeatedly in a number-coded pool. To evaluate the results before confirmatory DNA sequencing, the following practical rules were applied: (i) only strong bands clearly differing from the background were considered; (ii) amplification of DNA fragments of identical size was expected in a letter-and a number-coded super-pool with the same primer combination; and (iii) insertion in a gene was ideally expected to yield two DNA fragments, indicating the position of the tag within the gene. Amplification of a DNA fragment of 7.0 kB was an indicative for trimeric tandem insertions in ! (or reverse) configuration, which rarely occur in the collection and do not disturb the analysis, as usually the expected PCR products range in size PCR products generated with the number-and letter-coded super-pools were size separated on agarose gel. Each super-pool is represented by four samples loaded in the same order, corresponding to PCR reactions C1, C2, C3 and C4 that were performed with four different combinations of gene-specific and T-DNA end primers. It was first inspected whether DNA fragments showing higher intensity than the non-specific amplification products (appearing as weaker 'background' bands) occur repeatedly in a letter-and a number-encoded super-pool. Subsequently, it was tested whether the additive size of these putative specific fragments corresponds to the known distance between the gene-specific 5 0 and 3 0 primers. Fragments marked by letters in pools 2 and C, as well as in pools 6 and E, satisfied these conditions. (Note that pools 9 and I also contain a pair of DNA fragments corresponding to a third insertion allele, which we did not mark to prompt their identification by the reader.)
ß Blackwell Publishing Ltd, The Plant Journal, (2002), 32, 243-253 between 0.5 and 6 kB. Figure 3 shows an example for screening of the P4000 super-pools in which the DNA bands in pools 2 and C, as well as those in pools 6 and E, fulfilled these expectations.
As the intersections between letter-and number-coded super-pools corresponded to either four or five P100 pools, a second round of PCR screening was performed to identify a single P100 pool carrying the tagged gene. The second screen was carried out with 0.2-0.3 ng ml À1 of P100 DNA templates and produced usually two-to fivefold the amount of products observed in the first PCR round. An aliquot from the second PCR reaction was used for reamplification of DNA fragments from the positive P100 pool using 1 : 1000 dilution of the template DNA. The obtained DNA fragments were isolated to sequence the insert junctions with T-DNA specific primers. To identify a single M 2 family carrying the sequenced T-DNA tag, seeds collected from each individual M 1 plant comprising the P100 pool were germinated on hygromycin-containing medium for 15 days (Koncz et al., 1994) . The samples were arranged in a 10 Â 10 array, and seedlings were collected in letter-and number-coded P10 pools to prepare 20 DNA templates (Rogers and Bendich, 1985) . As described above, the row/column intersection identified the segregating M 2 family that carried the sequenced insertion mutation. Individual hygromycinresistant plants from this M 2 line were planted in soil for further genetic analysis and screening for homozygous mutant lines. The time chart of screening protocol is depicted in Table 3 .
Screening for mutations in known genes
To determine the mutation recovery rate, 39 700 plants were screened by different laboratories (see Acknowledgements) for T-DNA insertions in 154 different genes with predicted functions in regulation of protein transport to chloroplast, cell cycle, ubiquitin-dependent protein degradation, carbon catabolic repression, transcription and other cellular processes (see Experimental procedures). These mutant screens identified 87 independent insertions in 73 genes, which were characterized by sequencing of at least one of the T-DNA insert junctions. The analysis of insert distribution in tagged genes showed that 54% of T-DNA inserts landed in exons, 23% in introns, and 23% in promoter or 5 0 untranslated mRNA coding sequences. Compilation of the sequenced insert junctions revealed that only 8% of insertions resulted in the amplification of two DNA bands with the left and right T-DNA border primers. By contrast, two left-border sequences of tandem T-DNA copies were found in 32% of tagged genes, whereas two right border-gene junctions were detected in 5% of mutant loci. Other tagged genes were detected only by one amplified DNA fragment, which carried either a left (41%) or a right (14%) T-DNA border junction. In few loci, where the T-DNA insertion was found within the gene, a lack of amplification with one of the T-DNA end primers indicated that deletions removed either the FISH1 or the FISH2 primer site from the left or right T-DNA ends, respectively. As suggested by the discrepancy between the estimated number of insertion loci and T-DNA copies, these data also indicated that a significant proportion of insertion loci contained tandem T-DNA copies. As observed in other T-DNA insertion mutant collections (Castle et al., 1993; Krysan et al., 1996; Krysan et al., 1999) , the tandem T-DNA copies formed predominantly inverted repeats facing the insert junctions with their left border sequences.
Estimation of the mutation rate
To calculate the probability of finding a T-DNA tag in a gene of given size, Krysan et al. (1999) used the equation:
where P is the probability of at least one insert in a gene of x kb; n is the number of inserts in the T-DNA tagged collection; and 125 000 is the haploid genome size. This formula is based on the assumption that the T-DNA integration is random and is thus similar to
where f is the complement of mutation frequency and n is the number of families required to identify at least one mutation (Ré dei and . Whereas equation 2 ignores the size of target genes, equation 1 does not take account of the mutation rate, but assumes that mutations occur with identical frequency in any target sequence of identical size anywhere in the genome.
As the estimated average number of insertion loci was 1.29 per plant, our test population of 39 700 plants was calculated to carry n ¼ 51 213 insertions. The probability values for finding a mutation within genome segments of different size were computed using equation 1 and compared to the frequency of T-DNA tags observed in genes of different size in our PCR screens (Table 4) . Except for genes smaller than 1 kb, the size distribution of genes tested in our PCR screens was comparable to that of 25 554 unique Arabidopsis genes displayed in the reannotated GenBank genome sequence database. To compare our results with the GenBank data on gene size distribution, first we accounted only those mutations that were found between ATG and stop codons in genes. Except for genes larger than 4 kb, the observed probability values for finding a T-DNA tag in a gene of a given size class showed a good correlation with the expected probability values calculated using equation 1. However, when we also accounted for those T-DNA tags which were located within 300 bp 5 0 upstream of ATG codons in the promoter regions of genes, closely similar frequencies were obtained for all size categories, except for genes of 3-4 kb. Whereas the frequency of all T-DNA tags recovered between ATG and stop codons was 37.7%, the additive frequency of tags in genes and their promoters was as high as 47.4%.
In conclusion, we observed 87 mutations in 154 genes, but recovered only 73 tagged unique genes because multiple insertions occurred in 13 genes. Hence we observed at least one mutation in a fraction of P ¼ 73/154 ¼ 0.474 of genes using n ¼ 51 213 T-DNA insertions in our test population. By sequencing the insert junctions of 1000 random T-DNA tags Szabados et al. (2002) have estimated that a t ¼ 0.478 fraction of T-DNA tags results in knockout mutations. Using this t-value as an estimate for the mutation rate (t/25.554) in equation 2, the resulting equation:
suggests that one would find at least one mutation in a T-DNA tagged population carrying n ¼ 51 213 inserts at a probability of 61.6%. Thus, according to equation 3, by testing 154 genes we could have expected to recover 95 independent gene mutations (about 14% more than actually detected). In fact, we could have missed some promoter mutations in our pilot experiment, as the majority of 5 0 gene-specific primers were designed to match with the ATG codons. Thus insertions in promoters were only detected by PCR amplification of larger DNA fragments with the T-DNA and 3 0 gene-specific primers. In addition, a possible failure of detecting T-DNA tags with deleted ends and improper primer design in some cases could reduce mutation recovery. Therefore, solving equation 3 with P ¼ 73/154 for the t-value results in a mutation rate estimate of 0.32, which is smaller than that observed by Szabados et al. (2002) . Using this reduced t-value in equation 3 suggests that our collection of 90 000 plants, carrying an estimated n ¼ 116 100 T-DNA insertions, would be sufficient to detect at least one mutation in 76.5% of Arabidopsis genes. To reach a probability (P) of 95%, one would require about 239 142 T-DNA insertions. Nonetheless, it remains to be assessed whether this is a precise estimate by further exploitation of the described rapid PCR mutant screening technique.
Experimental procedures
Growth and transformation of Arabidopsis
Inflorescences of Arabidopsis thaliana (Col-0) plants were transformed using vacuum infiltration (Bechtold et al., 1993) with Agrobacterium GV3101 (pMP90RK) carrying the binary vector pPCV6NFHyg (Koncz and Schell, 1986; Koncz et al., 1989) . This vector was chosen for insertion mutagenesis, as the presence of a promoterless kanamycin resistance gene at the right T-DNA border also provided a possibility to select for transformants that express in-frame translational NPT-II fusions as a result of T-DNA integration into coding domains of plant genes (Koncz et al., 1989) . The infiltration medium [half concentration of Murashige-Skoog (MS) basal salts with B5 vitamin; Sigma, pH 5.7) (Sigma-Aldrich Co., Taufkirchen, Germany), 5% sucrose, 0.05 mM benzylaminopurine, and 0.005% Silwet L-77) was supplemented with 100 mg l À1 carbenicillin in order to select for the bacterial antibiotic resistance marker of pPCV6NFHyg, and thereby for the maintenance of Agrobacterium binary vector in planta. This modification increased the transformation frequencies from 0.5 AE 0.4 to 3 AE 1.2% (data not shown). The M 1 seed progeny of 11 250 transformed plants were pooled. Seed aliquots were surface sterilized with 5% calcium hypochloride solution containing 1% Triton-X 100 and germinated on seed germination medium (Koncz et al., 1994) containing Size distribution and frequency of genes screened for mutation were compared to those of re-annotated Arabidopsis genes displayed in the GenBank.
ß Blackwell Publishing Ltd, The Plant Journal, (2002), 32, 243-253 15 mg l À1 hygromycin (Roche Diagnostics GmbH, Mannheim, Germany) to select for transformed seedlings. The seedlings were grown in glass jars for 2 weeks in a growth chamber at 238C under 200 mEinstein m À2 sec À1 irradiance using an 8 h light, 16 h dark cycle, then planted into soil and grown for additional 2 weeks under short-day conditions to obtain large leaf rosettes. Upon shifting to long-day (16 h light/8 h dark) conditions to induce flowering, 200 mg leaf material was collected from each plant bearing fruits to obtain pooled material from every 100 plants. To determine the segregation ratio of the T-DNA-encoded hygromycinresistance gene, seedlings from 100 randomly selected M 2 families were germinated as described above. DNAs prepared from hygromycin-resistant seedlings of 24 M 2 families were used to estimate the T-DNA copy number using Southern hybridization, as described (Koncz et al., 1989) .
Preparation of pooled DNA arrays
From 900 P100 pools of leaf material, each containing samples from 100 individual plants, total DNA was extracted (Dellaporta et al., 1983) and purified by CsCl ethidium bromide gradient centrifugation (Sambrook et al., 1989) . The P100 samples were arranged in nine 10 Â 10 quadrats, each carrying 100 P100 DNA pools representing 10 000 plants (Figure 1 ). The collection was divided into two portions corresponding to four and five quadratic arrays, then samples containing an identical amount of DNA were pooled from each number-coded row and letter-coded column of the arrays to create 20 P4000 and 20 P5000 super-pools, respectively. Once a P100 pool carrying a gene mutation was identified, DNA samples from seedlings representing 100 individual M 2 families in the P100 pool were isolated using a cetyltrimethylammonium bromide (CTAB) precipitation protocol (Rogers and Bendich, 1985) . The DNA samples were again arranged in a 10 Â 10 array to create 20 P10 pools by combining samples from rows and columns.
PCR primers
The PCR screens were performed with the T-DNA left border (FISH1, 5 0 -CTGGGAATGGCGAAATCAAGGCATC-3 0 ) and right border (FISH2, 5 0 -CAGTCATAGCCGAATAGCCTCTCCA-3 0 ) primers. When these primers were complementary to some gene-specific primers, alternative left border (HOOK1, 5 0 -CTACACTGAATTGG-TAGCTCAAACTGTC-3 0 or HOOK3, 5 0 -GTTGACAGACTGCCTAGC-ATTTGAGTG3 0 ) and right border (HOOK2, 5 0 -TACTTTCTCGGCA-GGAGCAAGGTGA-3 0 or HOOK4 5 0 -TCAGAGCAGCCGATTGTCT--GTTGTG-3 0 ) primers were used. For optimization of PCR conditions, specific amplification of T-DNA junctions from the prl1 mutant DNA (Né meth et al., 1998) was assayed with the PRLX (5 0 -ATCTGTCCGAGCAATGACCCTCCAT-3 0 ) and PRLY (5 0 -GGG-AAGAGCACCACCATTATACCTG-3 0 ) primers. Similarly, primers FISH2 and FSKP1 (5 0 -CGTTTCCATAACCATGTCTGCGAAGA AG-3 0 ) were used to detect amplification of a 1.2 kb T-DNA junction fragment of tagged At1g75960 gene, whereas a T-DNA junction fragment of 2 kb from the mutant pad1 gene was amplified with the FISH1 and FASP2 (5 0 -GTTTCCTTCGCAGGGCCTTTCTTGG-3 0 ) primers.
PCR mutant screening protocol
The initial optimization of PCR conditions was performed using DNA from the prl1, At1g75960 and pad1 T-DNA mutants in combination with TaqI (Roche), Elongase (Invitrogen GmbH, Karlsruhe, Germany) and LA-Taq (Takara Shuzo Co. represented by BioWhittaker Europe, Taufkirchen, Germany) DNA polymerases. As the highest sensitivity and yield was obtained with LA-Taq independently of the size of expected PCR products, further standardization of the PCR reactions was performed with this enzyme by testing different annealing conditions (from 55 to 688C), primer concentrations (from 0.25 to 2.5 mM) and template DNA dilutions (from 1 : 1000 to 1 : 7000), as described in the text. The standardized PCR assays for mutant screening were performed with Takara buffer containing 2 mM MgCl 2 , 0.2 mM dNTP, 0.5 mM gene-specific primer, 0.25 mM T-DNA end primer and 4 ng ml À1 DNA template. The PCR reactions were initiated by heating the samples for 5 min at 958C, followed by 35 cycles of amplification for 30 sec at 958C and 8.5 min at 688C, and terminated by a final elongation step for 10 min at 688C. The samples were separated on 1.2% agarose gels containing ethidium bromide, and images of DNA fragment patterns were recorded using a DC120 digital camera and Kodak DIGITAL SCIENCE software.
The presence of a T-DNA tag in a target gene was indicated by the amplification of DNA fragments of identical size in two samples representing a number-and a letter-coded P4000 or P5000 superpool. As the identified super-pool corresponded to either four or five P100 pools, a second round of PCR was performed with 2.5 ng P100 DNA in 20 ml PCR reaction mix, as described above. The PCR reaction mixture of P100 pool producing a reamplification of expected DNA fragments was diluted 1000-fold to perform a preparative PCR using 0.5 mM of both gene-specific and T-DNA end primers. Subsequently, the DNA fragments were isolated and sequenced with the T-DNA end primers. To identify a single mutant line carrying the mutation in a P100 pool, at least five hygromycin-resistant 15-day-old-seedlings were collected from each individual M 2 family for preparation of 20 P10 DNA templates using the pooling strategy described above. The CTAB-purified DNA pools were dissolved in 100 ml buffer (1 mM Tris-HCl pH 8.0, 0.1 mM EDTA), and 1 ml from each DNA sample was used as template in a PCR reaction of 10 ml containing 0.5 mM gene-specific and T-DNA end primers, as described above. Hygromycin-resistant seedlings from the M 2 family segregating the identified mutation were planted into soil for harvesting leaf material from at least 15 individual plants. Screening for lines carrying the T-DNA induced mutation in homozygous form was performed with CTAB-purified DNA samples (Rogers and Bendich, 1985) using either the gene-specific primers or their combinations with T-DNA specific primers. Putative homozygous lines (producing the expected T-DNA junction fragments, but no PCR product with gene specific primers in PCR reactions performed with Taq polymerase) were subjected to further analysis by Southern DNA hybridization.
